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Peripheral surgical wounding may induce cognitive impairment
through interlukin-6-dependent mechanisms in aged mice
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Post-operative cognitive dysfunction (POCD) is associated with morbidity, mortality and increased cost of medical care. However, the
neuropathogenesis and targeted interventions of POCD remain largely to be determined. We have found that the peripheral surgical
wounding induces an age-dependent AP accumulation, neuroinflammation and cognitive impairment in aged mice. Pro-inflammatory
cytokine interlukin-6 (IL-6) has been reported to be associated with cognitive impairment in rodents and humans. However, the role
of IL-6 in the neuropathogenesis of POCD is unknown. We therefore employed pharmacological (IL-6 antibody) and genetic (knock-
out of IL-6) approach to investigate whether IL-6 contributed to the peripheral surgical wounding-induced cognitive impairment in
aged mice. Abdominal surgery under local anesthesia (peripheral surgical wounding) was established in 18-month-old wild-type and
IL-6 knockout mice (n = 6 to 10 in each group). Brain level of IL-6 and cognitive function in the mice were determined by western
blot, ELISA at the end of procedure, and Fear Conditioning System at 7 days after the procedure. The peripheral surgical wounding
increased the level of IL-6 in the hippocampus of aged wild-type, but not IL-6 knockout mice. IL-6 antibody ameliorated the peripheral
surgical wounding-induced cognitive impairment in the aged wild-type mice. Finally, the peripheral surgical wounding did not induce
cognitive impairment in the aged IL-6 knockout mice. These data suggested that IL-6 would be a required pro-inflammatory cytokine
for the peripheral surgical wounding-induced cognitive impairment. Given this, further studies are warranted to investigate the role of
IL-6 in the neuropathogenesis and targeted interventions of POCD.
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INTRODUCTION

Post-operative cognitive dysfunction (POCD), one of the
most common post-operative complications in senior pa-
tients (Liu and Leung, 2000), is associated with increased
cost of medical care, morbidity, and mortality (Monk et al.,
2008; Deiner and Silverstein, 2009; Steinmetz et al., 2009).
However, the causes and neuropathogenesis of POCD re-

main largely to be determined.

Many studies aim to determine the role of general
anesthesia alone (Culley et al., 2004; Xie et al., 2006,
2007, 2008; Bianchi et al., 2008; Dong et al., 2009;
Zhang et al., 2012; Hu et al., 2014; reviewed by Vutskits
and Xie, 2016) or general anesthesia plus surgery (Wan
et al., 2007, 2010; Cibelli et al., 2010; Terrando et al.,
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2010b) in POCD neuropathogenesis. However, increasing
evidence suggests that there is no significant difference
in the incidence of POCD between surgery with general
anesthesia and surgery without it (with epidural, spinal or
local anesthesia) (Karhunen and Jonn, 1982; Ghoneim et
al., 1988; Berant et al., 1995; Williams-Russo et al., 1995;
Rasmussen et al., 2003; Steinmetz et al., 2009; reviewed
by Newman et al., 2007 and Mason et al. 2010). Thus, it
is important to determine the potential neurotoxicity of
surgery without general anesthesia and its role in POCD.
Since it is technically difficult to perform an epidural or
spinal anesthesia in mice, we have established an animal
model to assess the effects of open abdominal surgery
under local anesthesia on the neurotoxicity in mice.

We have shown that open abdominal surgery under lo-
cal anesthesia (peripheral surgical wounding) in mice can
induce AP accumulation, neuroinflammation and cognitive
impairment in aged mice (18 months old) (Xu et al., 2014a,
b). Other studies have also shown that neuroinflammation
contributes to the cognitive impairment induced by surgery
under general anesthesia (Wan et al., 2007, 2010; Cibelli et
al., 2010; Terrando et al., 2010a; reviewed by Terrando et
al., 2011 and Xu et al., 2014b).

Interleukin 6 (IL-6) has been reported to be associated
with cognitive impairment in animals (Braida et al., 2004;
Huang et al., 2008; Cao et al., 2010), cognitive dysfunction
(Hudetz et al., 2010; Patanella et al., 2010), mild cognitive
impairment (MCI) (Schuitemaker et al., 2009), and delirium
in medical (Katsumata et al., 2007) and surgical patients
(Bjornsson et al., 2007). However, the role of IL-6 in POCD
neuropathogenesis has not been investigated.

The objective of the studies was to determine the specific
role of IL-6 in the neuropathogenesis of POCD. The hypoth-
esis of the study was that the peripheral surgical wounding
might induce cognitive impairment through IL-6-dependent
mechanisms in aged mice. Therefore, we assessed the ef-
fects of the peripheral surgical wounding, in the absence
of general anesthesia, on the cognitive function in the aged
mice with pretreatment of 1L-6 antibody, and in the aged
IL-6 knockout (KO) mice.

MareriaLs AND METHODS

Mouse surgery and treatment

All experiments followed the National Institutes of Health
guidelines and the animal protocol was approved by the Mas-
sachusetts General Hospital (Boston, MA, USA) Standing
Committee on the Use of Animals in Research and Teaching.
Efforts were made to minimize the number of animals used.
Aged wild-type (WT) C57BL/6J female mice (18 months
old; National Institute of Aging, Bethesda, MD, USA) and
IL-6 KO female and male mice (18 months old, B6.129S2-

[l6tm1Kopf/J, stock number 002650; Jackson Lab, Bar
Harbor, ME, USA) were used in the study.

The surgery under local anesthesia was performed as de-
scribed in our previous studies (Xu et al., 2014a, b). Specifi-
cally, the mice were randomly assigned to a surgery or sham
group and sub-group (e.g., saline and IL-6 antibody group)
by weight and sex with randomization (n = 10 in behavior
studies, and n = 6 in biochemistry studies). The mice were
gently restrained to a heating pad (37°C) using paper tape. A
local anesthetic bupivacine (0.5% and 0.1 mL) was injected
into the skin and subcutaneous tissue of the abdominal area.
A 2.5 cm incision was made in the middle of the abdomen to
open and then close the abdominal cavity in the mouse. The
procedure lasted about 5 minutes. We did not use sedative
medicine in an effort to reveal the effects of surgery without
sedation or general anesthesia and to minimize all other vari-
ables. EMLA cream (2.5% lidocaine and 2.5% prilocaine) was
used every 8 hours for the 1*t and 2™ post-operative days to
treat the surgery-associated pain. We did not use antibiotics
because the procedure was aseptic. The non-surgery (sham)
mice underwent the same procedure, only without the incision.
For the interaction studies, IL-6 antibody (10 pg/mouse, IP,
eBioscence Inc., San Diego, CA, USA, Cat. Number: 16-
7061) or the same volume of saline was administered to the
mice 18 hours before the surgery (Pieraut et al., 2011). The
dosage of 10 pg per mouse was determined from our pilot
studies. We used the pre-operative treatment of IL-6 antibody
because a previous study had shown that pre-operative, but
not post-operative, treatment of tumor necrosis factor (TNF)-a
antibody attenuated cognitive impairment induced by surgery
plus general anesthesia (Terrando et al., 2010a). There was
no significant difference in blood pressure, blood gas, levels
ofblood glucose and epinephrine, locomotor activity, or pain
threshold between the surgery and sham mice, as demonstrated
in our previous studies (Xu et al., 2014a). Local anesthetic
induced neither neuroinflammation nor cognitive impairment
in the aged mice (18 months old) (Xu et al., 2014a).

Brain tissue harvest, lysis, and protein amount quantification
The mouse hippocampus was harvested at 12 hours after
the procedure. The harvested hippocampus tissues were
homogenized on ice using immunoprecipitation buffer (10
mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5%
Nonidet P-40) plus protease inhibitors (1 pg/mL aprotinin,
1 pg/mL leupeptin, 1 pg/mL pepstatin A). The lysates were
collected, centrifuged at 12,000 r/min for 15 minutes, and
quantified for total proteins by bicinchoninic acid protein
assay kit (Pierce, Iselin, NJ, USA).

Western blot analysis
IL-6 antibody (1:1,000 dilution; Abcam, Cambridge, MA,
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USA, Cat. Number: ab6672) was used to recognize IL-6 (24
kDa). Western blot quantification of the hippocampal tissues
was performed as described by Xie et al. (2008). Briefly,
signal intensity was analyzed using a Bio-Rad (Hercules,
CA, USA) image program (Quantity One). We quantified
Western blots in two steps. First, we used B-actin levels to
normalize (e.g., determining ratio of IL-6 to B-actin) protein
levels and control for loading differences in total protein
amount. Second, we presented protein level changes in the
mice receiving the surgery as a percentage of those in the
sham group mice. 100% of protein level changes refer to
control levels for the purpose of comparison to experimental
conditions.

ELISA determination of IL-6

The mouse IL-6 immunoassay kit (R&D Systems, Roch-
ester, MN, USA, Catalog number: M6000B) was used to
determine the level of IL-6 in the hippocampus tissues of
the mice. Briefly, a monoclonal antibody specific for mouse
IL-6 had been coated onto microplates. We added 50 puL of
standard or samples, and then added 50 pL of assay diluent
RD1-14 to the center of each well. Wells were incubated for
2 hours at room temperature, and washed five times. Then
100 pL of mouse IL-6 conjugate was added to each well and
incubated for another 2 hours and repeated the washing. At
last, wells were incubated in 100 pL of substrate solution for
30 minutes and stopped with stop solution. Determination
of the optical density of each well was set at 450 nm, and
corrected at 570 nm.

Fear conditioning system (FCS)

We employed FCS, but not Morris Water Maze, in the
current experiments because our previous studies showed
that the surgery under local anesthesia was able to induce
cognitive impairment in the FCS, but not Morris Water
Maze, in the 18-month-old mice (Xu et al., 2014a).
The FCS studies were performed as described in our
previous studies with modifications (Xu et al., 2014a).
Specifically, the pairing in the FCS (Stoelting Co., Wood
Dale, IL, USA) was performed at 24 hours post-surgery,
mimicking the condition that patients may have difficulty
in learning new things after surgery. The pairing was
performed twice with 2 minutes in between. For pairing,
each mouse was allowed to explore the FCS chamber for
180 seconds before presentation of a 2-Hz pulsating tone
(80 dB, 3,600 Hz) that persisted for 60 seconds. The tone
was immediately followed by a mild foot shock (0.8 mA
for 0.5 second). The mice were tested in FCS at 7 days
after the procedure. Each mouse was allowed to stay in
the same chamber for a total of 390 seconds. Cognitive
functions (e.g., learning and memory) in the context and

tone test were assessed by measuring the amount of time
(“freezing time”) the mouse demonstrated “freezing
behavior”, which is defined as a completely immobile
posture except for respiratory efforts during the second
180 seconds. “Freezing behavior” was analyzed by Any-
Maze (freezing on threshold: 10; freezing off threshold:
20; minimum freezing duration: 1 second) (Stoelting
Co.). The percentage of freezing time was calculated by
dividing the actual freezing time with the observed time
(180 seconds).

Statistical analysis

The nature of the hypothesis testing was two-tailed. Data
were expressed as the mean + SD. There were 10 mice in
each group in the behavior studies, and 6 mice in each group
in the biochemistry studies. Two-way analysis of variance
(ANOVA) was used to determine the interaction between
treatment (saline or IL-6 antibody) and group (sham and
peripheral surgical wounding) in FCS studies. Student ¢-test
was used to determine the difference in IL-6 levels between
the peripheral surgical wounding and sham. P values less
than 0.05 and 0.01 were considered statistically significant.
Prism 6 software (La Jolla, CA, USA) was used for all
statistical analyses.

ResuLts

Peripheral surgical wounding increased IL-6 levels in the
hippocampus of aged mice at 12 hours after the procedure
We first determined the effects of the peripheral surgical
wounding on IL-6 levels in hippocampus of aged WT mice
at 12 hours after the procedure by employing quantitative
Western blot analysis. The immunoblotting of IL-6 showed
a visible increase in the density of the bands associated
with the surgery as compared to the bands associated
with sham condition. There was no significantly visible
difference in the amount of B-actin between sham group
and surgery group (Figure 1A). The quantification of the
western blot showed that the peripheral surgical wounding
increased the levels of IL-6 as compared to sham condition
(248 £ 14% vs. 100 = 21%, P =0.0004 < 0.01, student #-
test; Figure 1B). These data suggested that the peripheral
surgical wounding without influence of general anesthesia
was able to increase the levels of IL-6 in the hippocampus
of aged WT mice.

IL-6 antibody ameliorated the peripheral surgical
wounding-induced cognitive impairment in aged mice
Given that the peripheral surgical wounding without the influ-
ence of general anesthesia could increase IL-6 levels (Figure
1), and cognitive impairment in aged WT mice (Xu et al.,
2014a); next, we determined the cause-effect relationship by
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Figure 1: Peripheral surgical wounding increased IL-6 levels in the hippocampus of aged mice.

Note: (A) Western blot analysis showed that the peripheral surgical wounding (lanes 4 to 6) increased the levels of IL-6 in the hippocampus of 18-month-old
mice at 12 hours after the peripheral surgical wounding as compared to sham condition (lanes 1 to 3). There was not significant difference in the B-actin levels
between the mice in sham group and in surgery group. (B) Quantification of the western blot showed that the peripheral surgical wounding increased the levels
of IL-6 in the hippocampus of 18-month-old mice at 12 hours after the peripheral surgical wounding as compared to sham condition. Data are expressed as the
mean + SD, n = 6 in sham or surgery group. **P < 0.01, vs. sham group (student t-test). IL: Interleukin.

assessing whether IL-6 antibody could attenuate the periph-
eral surgical wounding-induced cognitive impairment, tested
by FCS, in aged mice. We found that a treatment with 1L-6
antibody before the peripheral surgical wounding ameliorated

in aged mice (P = 0.034 < 0.05, two-way ANOVA; Figure
2A) and (P =0.015<0.05, two-way ANOVA; Figure 2B).
These findings suggested that the peripheral surgical wound-
ing could induce cognitive impairment in aged mice via

peripheral surgical wounding-induced cognitive impairments ~ elevating IL-6 levels in brain tissue of the mice.
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Figure 2: IL-6 antibody attenuated the peripheral surgical wounding-induced cognitive impairment in aged mice.

Note: Peripheral surgical wounding without the influence of general anesthesia induced cognitive impairment in the context test (A) and tone test (B) of the fear
conditioning system (FCS) at 7 days post-procedure in 18-month-old mice. IL-6 antibody attenuated the peripheral surgical wounding-induced reduction in freezing
time of the context test (A) and the tone test (B) of the FCS at 7 days post-procedure. Data are expressed as the mean + SD, n = 10 in each group. *P < 0.05,
vs. sham + saline group; #P < 0.05, vs. saline + surgery group (two-way analysis of variance); 1P < 0.05: the interaction between the group and the treatment

(two-way analysis of variance). IL: Interleukin.

Peripheral surgical wounding did not increase IL-6 levels
in the hippocampus of aged IL-6 KO mice at 12 hours after
the procedure

Given the findings that the peripheral surgical wounding
increased IL-6 levels in the hippocampus of aged mice,
and IL-6 antibody was able to attenuate the peripheral sur-
gical wounding-induced cognitive impairment in the aged
mice, next, we further investigated the role of IL-6 in the
peripheral surgical wounding-induced cognitive impairment
by employing aged IL-6 KO mice. ELISA showed that the
peripheral surgical wounding did not increase I1L-6 levels
in the hippocampus of aged IL-6 KO mice as compared to
sham condition (94% vs. 100%, P = 0.427 > 0.05, student
t-test; Figure 3).
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Figure 3: Peripheral surgical wounding did not increase IL-6 levels in the
hippocampus of aged IL-6 knockout (KO) mice.

Note: ELISA showed that the peripheral surgical wounding did not increase
the levels of IL-6 in the hippocampus of 18-month-old IL-6 KO mice at 12
hours after the peripheral surgical wounding as compared to sham condition.
Data are expressed as the mean + SD, n = 6 in sham or surgery group, and
analyzed by student t-test. IL: Interleukin.
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Peripheral surgical wounding did not induce cognitive
impairment in aged IL-6 KO mice at 7 days after the
procedure

Finally, we assessed the effects of the peripheral surgical
wounding on cognitive function in aged IL-6 KO mice in
FCS at 7 days after the surgery. The peripheral surgical
wounding did not reduce the freezing time in the context
test (P = 0.6444 > 0.05, student z-test; Figure 4A) nor
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tone test (P =0.6467 > 0.05, student z-test; Figure 4B) of
FCS as compared to sham condition). These data showed
that the peripheral surgical wounding might not be able to
induce cognitive impairment in the aged IL-6 KO mice.
Collectively, these results suggested that IL-6 should be
one of the inflammatory cytokines required for the periph-
eral surgical wounding-induced cognitive impairment in
aged mice.
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Figure 4: Peripheral surgical wounding did not induce cognitive impairment in aged IL-6 knockout (KO) mice.
Note: The peripheral surgical wounding without the influence of general anesthesia did not significantly alter the freezing time in the context test (A) and tone
test (B) of the Fear Conditioning System at 7 days post-procedure in 18-month-old IL-6 KO mice. Data are expressed as the mean + SD, n = 10 in each group,

and analyzed by two-way analysis of variance. IL: Interleukin.

Discussion
Neuroinflammation may contribute to cognitive impair-
ment in rodents following surgery under general anesthesia
(Wan et al., 2007, 2010; Cibelli et al., 2010; Terrando et
al., 2010a); reviewed in Terrando et al., 2011) or follow-
ing the surgery without the influence of general anesthesia
(under local anesthesia) (Xu et al., 2014a, b). Specifically,
pro-inflammatory cytokine TNF-a has been reported as a
required cytokine of the cognitive impairment induced by
surgery under general anesthesia (Terrando et al., 2010a).
We have reported that the peripheral surgical wounding
(an abdominal surgery under local anesthesia) without the
influence of general anesthesia can also induce neuroinflam-
mation, as evidenced by elevation of the levels of IL-6,
TNF-a, CD33 and Ibal positive cells in the hippocampus
ofaged WT mice (Xu et al., 2014b). The peripheral surgical
wounding also induces cognitive impairment in the aged
WT mice (Xuetal.,2014a, b). Elevation of IL-6, one of the
pro-inflammatory cytokines, is associated with cognitive
impairment in animals and in humans (Braida et al., 2004;
Bjornsson et al., 2007; Katsumata et al., 2007; Huang et al.,
2008; Schuitemaker et al., 2009; Cao et al., 2010; Hudetz et
al., 2010; Patanella et al., 2010). We therefore investigated
the role of IL-6 in the peripheral surgical wounding-induced
cognitive impairment via both pharmacological (IL-6 anti-
body) and genetic (IL-6 KO mice) approaches.

In the aged WT mice, we found that the peripheral surgical
wounding without the influence of the general anesthesia
increased the IL-6 levels in the hippocampus of the mice

by quantitative western blot analysis, and induced cogni-
tive impairment in the mice. Moreover, we found that IL-6
antibody was able to ameliorate the peripheral surgical
wounding-induced cognitive impairment in the aged WT
mice. In the IL-6 KO aged mice, we found that the periph-
eral surgical wounding induced neither elevation of 1L-6
levels nor cognitive impairment. These results suggested
that elevation of IL-6 might participate to the peripheral
surgical wounding-induced cognitive impairment and
demonstrated that IL-6 contributes to, at least partially,
the underlying mechanism of the POCD, pending further
investigations.

Our previous studies showed that peripheral surgical
wounding without the influence of general anesthesia could
induce AP accumulation, neuroinflammation and cognitive
impairment in aged mice (Xu et al., 2014a, b). Our current
findings suggested that elevation of IL-6 was required
for the peripheral surgical wounding-induced cognitive
impairment. Taken together, we postulate that I[L-6 may
interact with AP metabolism (via affecting the generation
and degradation of Ap), leading to cognitive impairment.
The further studies to test this hypothesis are warranted in
the future research.

The studies have several limitations. First, we did not
measure the effects of IL-6 antibody on the levels of IL-6.
However, the findings that the peripheral surgical wounding
did not increase IL-6 levels and did not induce cognitive
impairment in IL-6 KO mice supports the hypothesis that
the peripheral surgical wounding may induce cognitive
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impairment through an [L-6-dependent mechanism in aged
mice. Second, it remains unknown whether the combination
of surgery and general anesthesia still induces cognitive
impairment through IL-6-dependent mechanism. Our future
studies will systematically compare the effects of general
anesthesia alone, surgery without general anesthesia and
surgery under general anesthesia on IL-6 levels and cogni-
tive function in both WT and IL-6 KO mice.

In conclusion, we showed that IL-6 antibody (in aged
WT mice) and IL-6 KO (in aged IL-6 KO mice) could
ameliorate the cognitive impairment induced by the
peripheral surgical wounding without the influence of
general anesthesia. These findings suggested that the
peripheral surgical wounding might induce cognitive
impairment through IL-6-dependent mechanisms in aged
mice. These findings would promote more research to
determine the neuropathogenesis and targeted interven-
tions of POCD.

Acknowledgments

The costs of EMLA cream (2.5% lidocaine and 2.5% pri-
locaine) were generously provided by the Department of
Anesthesia, Critical Care and Pain Medicine at Massachu-
setts General Hospital, USA. The studies were performed
in the Geriatric Anesthesia Research Unit in the Depart-
ment of Anesthesia, Critical Care and Pain Medicine at
Massachusetts General Hospital, Boston, MA, USA. These
works should be attributed to the Department of Anesthesia,
Critical Care and Pain Medicine at Massachusetts General
Hospital and Harvard Medical School, USA.

Author contributions

ZX,YD, YZ, ZX conceived and designed the project. ZX,
YD, and LH performed all the experiments, analyzed the
data and prepared the figures. YD and ZX wrote the manu-
script. All authors reviewed the manuscript.

Conflicts of interest

The authors deny conflict of interest.

Plagiarism check

This paper was screened twice using CrossCheck to verify
originality before publication.

Peer review

This paper was double-blinded and stringently reviewed by
international expert reviewers.

REFERENCES

Berant A, Kaufman V, Leibovitz A, Habot B, Bahar M (1995) Ef-
fects of anesthesia in elective surgery on the memory of the el-
derly. Arch Gerontol Geriatr 20:205-213.

Bianchi SL, Tran T, Liu C, Lin S, Li Y, Keller JM, Eckenhoff RG,
Eckenhoff MF (2008) Brain and behavior changes in 12-month-
old Tg2576 and nontransgenic mice exposed to anesthetics. Neu-
robiol Aging 29:1002-1010.

Bjornsson GL, Thorsteinsson L, Gudmundsson KO, Jonsson H, Jr.,
Gudmundsson S, Gudbjornsson B (2007) Inflammatory cytokines
in relation to adrenal response following total hip replacement.
Scand J Immunol 65:99-105.

Braida D, Sacerdote P, Panerai AE, Bianchi M, Aloisi AM, losue S,
Sala M (2004) Cognitive function in young and adult IL (interleu-
kin)-6 deficient mice. Behav Brain Res 153:423-429.

Cao XZ, Ma H, Wang JK, Liu F, Wu BY, Tian AY, Wang LL, Tan
WEF (2010) Postoperative cognitive deficits and neuroinflamma-
tion in the hippocampus triggered by surgical trauma are exacer-
bated in aged rats. Prog Neuropsychopharmacol Biol Psychiatry
34:1426-1432.

Cibelli M, Fidalgo AR, Terrando N, Ma D, Monaco C, Feldmann M,
Takata M, Lever 1J, Nanchahal J, Fanselow MS, Maze M (2010)
Role of interleukin-1beta in postoperative cognitive dysfunction.
Ann Neurol 68:360-368.

Culley DJ, Baxter MG, Yukhananov R, Crosby G (2004) Long-term
impairment of acquisition of a spatial memory task following iso-
flurane-nitrous oxide anesthesia in rats. Anesthesiology 100:309-
314.

Deiner S, Silverstein JH (2009) Postoperative delirium and cogni-
tive dysfunction. Br J Anaesth 103 Suppl 1:i41-46.

Dong Y, Zhang G, Zhang B, Moir RD, Xia W, Marcantonio ER,
Culley DJ, Crosby G, Tanzi RE, Xie Z (2009) The common in-
halational anesthetic sevoflurane induces apoptosis and increases
beta-amyloid protein levels. Arch Neurol 66:620-631.

Ghoneim MM, Hinrichs JV, O'Hara MW, Mehta MP, Pathak D, Ku-
mar V, Clark CR (1988) Comparison of psychologic and cogni-
tive functions after general or regional anesthesia. Anesthesiology
69:507-515.

Hu R, Huang D, Tong J, Liao Q, Hu Z, Ouyang W (2014) Aspartic
acid in the hippocampus: a biomarker for postoperative cognitive
dysfunction. Neural Regen Res 9:143-152.

Huang Y, Henry CJ, Dantzer R, Johnson RW, Godbout JP (2008)
Exaggerated sickness behavior and brain proinflammatory cyto-
kine expression in aged mice in response to intracerebroventricu-
lar lipopolysaccharide. Neurobiology of aging 29:1744-1753.

Hudetz JA, Gandhi SD, Igbal Z, Patterson KM, Pagel PS (2010)
Elevated postoperative inflammatory biomarkers are associated
with short- and medium-term cognitive dysfunction after coro-
nary artery surgery. J Anesth 25:1-9.

Karhunen U, Jonn G (1982) A comparison of memory function fol-
lowing local and general anaesthesia for extraction of senile cata-
ract. Acta Anaesthesiol Scand 26:291-296.

Katsumata Y, Harigai M, Kawaguchi Y, Fukasawa C, Soejima M,
Takagi K, Tanaka M, Ichida H, Tochimoto A, Kanno T, Nishimu-
ra K, Kamatani N, Hara M (2007) Diagnostic reliability of ce-
rebral spinal fluid tests for acute confusional state (delirium) in
patients with systemic lupus erythematosus: interleukin 6 (IL-6),
IL-8, interferon-alpha, IgG index, and Q-albumin. J Rheumatol
34:2010-2017.

Liu LL, Leung JM (2000) Predicting adverse postoperative out-
comes in patients aged 80 years or older. ] Am Geriatr Soc
48:405-412.

Mason SE, Noel-Storr A, Ritchie CW (2010) The impact of general
and regional anesthesia on the incidence of post-operative cogni-
tive dysfunction and post-operative delirium: a systematic review
with meta-analysis. J Alzheimers Dis 22 Suppl: 67-79.

.Med Gas Res | December | Volume 6 | Issue 4




Dong Y, et al. / Med Gas Res

www.medgasres.com

Monk TG, Weldon BC, Garvan CW, Dede DE, van der Aa MT, Heil-
man KM, Gravenstein JS (2008) Predictors of cognitive dysfunc-
tion after major noncardiac surgery. Anesthesiology 108:18-30.

Newman S, Stygall J, Hirani S, Shaefi S, Maze M (2007) Postopera-
tive cognitive dysfunction after noncardiac surgery: a systematic
review. Anesthesiology 106:572-590.

Patanella AK, Zinno M, Quaranta D, Nociti V, Frisullo G, Gainotti
G, Tonali PA, Batocchi AP, Marra C (2010) Correlations between
peripheral blood mononuclear cell production of BDNF, TNF-al-
pha, IL-6, IL-10 and cognitive performances in multiple sclerosis
patients. J Neurosci Res 88:1106-1112.

Pieraut S, Lucas O, Sangari S, Sar C, Boudes M, Bouffi C, Noel
D, Scamps F (2011) An autocrine neuronal interleukin-6 loop
mediates chloride accumulation and NKCC1 phosphorylation in
axotomized sensory neurons. J Neurosci 31:13516-13526.

Rasmussen LS, Johnson T, Kuipers HM, Kristensen D, Siersma
VD, Vila P, Jolles J, Papaioannou A, Abildstrom H, Silverstein
JH, Bonal JA, Raeder J, Nielsen 1K, Korttila K, Munoz L, Dodds
C, Hanning CD, Moller JT (2003) Does anaesthesia cause post-
operative cognitive dysfunction? A randomised study of regional
versus general anaesthesia in 438 elderly patients. Acta Anaesthe-
siol Scand 47:260-266.

Schuitemaker A, Dik MG, Veerhuis R, Scheltens P, Schoonenboom
NS, Hack CE, Blankenstein MA, Jonker C (2009) Inflammatory
markers in AD and MCI patients with different biomarker pro-
files. Neurobiol Aging 30:1885-1889.

Steinmetz J, Christensen KB, Lund T, Lohse N, Rasmussen LS
(2009) Long-term consequences of postoperative cognitive dys-
function. Anesthesiology 110:548-555.

Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze M
(2010a) Tumor necrosis factor-alpha triggers a cytokine cascade
yielding postoperative cognitive decline. Proc Natl Acad Sci U S
A 107:20518-20522.

Terrando N, Rei Fidalgo A, Vizcaychipi M, Cibelli M, Ma D, Mona-
co C, Feldmann M, Maze M (2010b) The impact of IL-1 modula-
tion on the development of lipopolysaccharide-induced cognitive
dysfunction. Crit Care 14:R88.

Terrando N, Brzezinski M, Degos V, Eriksson LI, Kramer JH,
Leung JM, Miller BL, Seeley WW, Vacas S, Weiner MW, Yaffe
K, Young WL, Xie Z, Maze M (2011) Perioperative cognitive de-
cline in the aging population. Mayo Clin Proc 86:885-893.

Vutskits L, Xie Z (2016) Lasting impact of general anaesthesia on
the brain: mechanisms and relevance. Nat Rev Neurosci 17:705-
717.

Wan Y, Xu J, Ma D, Zeng Y, Cibelli M, Maze M (2007) Postopera-
tive impairment of cognitive function in rats: a possible role for
cytokine-mediated inflammation in the hippocampus. Anesthesi-
ology 106:436-443.

Wan'Y, Xu J, Meng F, Bao Y, Ge Y, Lobo N, Vizcaychipi MP, Zhang
D, Gentleman SM, Maze M, Ma D (2010) Cognitive decline fol-
lowing major surgery is associated with gliosis, beta-amyloid ac-
cumulation, and tau phosphorylation in old mice. Crit Care Med
38:2190-2198.

Williams-Russo P, Sharrock NE, Mattis S, Szatrowski TP, Charlson
ME (1995) Cognitive effects after epidural vs general anesthesia
in older adults. A randomized trial. JAMA 274:44-50.

Xie Z, Dong Y, Maeda U, Alfille P, Culley DJ, Crosby G, Tanzi
RE (2006) The common inhalation anesthetic isoflurane induces
apoptosis and increases amyloid beta protein levels. Anesthesiol-
ogy 104:988-994.

Xie Z, Dong Y, Maeda U, Moir RD, Xia W, Culley DJ, Crosby G,
Tanzi RE (2007) The inhalation anesthetic isoflurane induces a vi-
cious cycle of apoptosis and amyloid beta-protein accumulation. J
Neurosci 27:1247-1254.

Xie Z, Culley DJ, Dong Y, Zhang G, Zhang B, Moir RD, Frosch MP,
Crosby G, Tanzi RE (2008) The common inhalation anesthetic
isoflurane induces caspase activation and increases amyloid beta-
protein level in vivo. Ann Neurol 64:618-627.

Xu Z, Dong Y, Wang H, Culley DJ, Marcantonio ER, Crosby G,
Tanzi RE, Zhang Y, Xie Z (2014a) Age-dependent postoperative
cognitive impairment and Alzheimer-related neuropathology in
mice. Sci Rep 4:3766.

Xu Z, Dong Y, Wang H, Culley DJ, Marcantonio ER, Crosby G,
Tanzi RE, Zhang Y, Xie Z (2014b) Peripheral surgical wound-
ing and age-dependent neuroinflammation in mice. PLoS One
9:96752.

Zhang Y, Xu Z, Wang H, Dong Y, Shi HN, Culley DJ, Crosby G,
Marcantonio ER, Tanzi RE, Xie Z (2012) Anesthetics isoflurane
and desflurane differently affect mitochondrial function, learning,
and memory. Ann Neurol 71:687-698.

Med Gas Res | December | Volume 6 | Issue 4 -




